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Abstract

Precisionsimulationsof theelectroncloudat theFermi-
lab Main Injector(MI) havebeenstudiedusingtheplasma
simulation code VORPAL. The physical model is fully
3D and self consistenton the time scaleof a few hun-
drednanosec.Solutionsthat includeYee-typeE.M. field
maps,electronspatialdistributionsandthe time evolution
of the cloud have beengenerated.By “precisionsimula-
tions”, we meanthatsystematicuncertaintiesin thecalcu-
lation are studiedand quantified. Preliminaryresultson
thecomparisonbetweenour resultsandthoseobtainedby
the POSINSTcodearediscussed.Basedon theresultsof
thesesimulationsandthe ongoingexperimentalprogram,
two distinctnew experimentaltechniquesarebriefly men-
tioned.Thefirst oneis basedon theuseBPM platesplaced
in dipole fields thataremadeof material(s)for which the
secondaryemissionis well characterized.Thesecondtech-
niquewould bebasedon theoptical,or ultra-violet,detec-
tion of the radiationemitted(inversephoto-electriceffect)
whenthecloudinteractswith theinnersurfaceof thebeam
pipe. As the microwave absorptionexperiment,this tech-
nique is non-invasive andhasthe advantageof providing
spatialimagesof thecloudaswell asaccuratetiming (ns)
information. However, our first priority shouldbeto mea-
surethesecondaryemissionyield for thescrubbedstainless
steelbeampipe, in-situ, asthis is themostbasicunknown
quantityin theproblem. While mechanicallychallenging,
thisin-situmeasurementis required,asthesecondaryemis-
sion yield dependson the exposureto thebeamandother
factors.

MOTIVATION AND SCOPE

As previously stated,the electroncloud (EC) effect in
high intensity proton storagerings and synchrotronscan
seriouslylimit the performanceof suchmachines[1, 2].
TheFermilabMain Injector(MI) is noexception,although
no definiteindicationof a degradationof themachineper-
formancedueto this effect hasbeendocumentedthusfar.
While the machinecurrently delivers the designedbeam
intensity, thefactor ��� increasein beampower projected
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for theProject X [6] eracouldinducestrongerbeaminsta-
bilities andrelatedbeamlosses.A simulationeffort in the
context of theComPASS[7] aimedatsupportingtheexper-
imentalstudiescurrentlybeingpursuedat theMain Injec-
tor [8, 3] hasbeeninitiated a few yearsago. More recent
progressreportshave beenpresented[3, 4]. In this brief
paper, our goal is limited to a brief reminderof thesalient
resultsregardingProjectX, a discussionof thesystematic
uncertaintiesin the calculationin relation to POSINST, a
2D PIC simulationcodeusedin previous calculation[2].
Finally, somesuggestionsfor theexperimentalprogramare
presented.

SIMULATION CONDITIONS

Relevant detailson the Main Injector configurationare
listed in reference[5]. Briefly: VORPAL [9] is a Parti-
cle In Cell (PIC) simulationcodeusedfor advancedbeam
or plasmaproblems. Our physicalconfigurationconsists
of a elliptical stainlesssteelbeampipe (minor andmajor
axisare2.34and5.88cm or a cylindrical pipe(radius7.5
cm), respectively locatedin a staticmagneticfield or in a
straightsectionwith small strayfields. Multiple configu-
rationswerestudiedin details: a shortsection( �
	�� 
�� m
long) anda longersection(16 m. ) of a typical MI arc,
consistinga 5 m. long dipole, followed by a quadrupole,
followedby a dipole,separatedby a field freeregion. The
magneticfields areapproximatelythosecorrespondingto
a MI energy of 20 GeV. This is closeto the transitionen-
ergy, wherethebunchlengthis theshortest,and,therefore,
whenthe EC problemis mostacute. The protonbunches
are3D Gaussian-shaped,0.3m long (1 � ) andabout3 mm
radius. The numberof particlesper bunch rangesfrom
a few ��	���� , to 	�������	���� (maximumallowable undercur-
rent runningcondition),to ��� 	���	���� thedesignedvaluefor
ProjectX. Thebunchspacingis 18.8ns.

SUMMARY OF RESULTS AND
SYSTEMATICS

Thespatialdensity, averagedover theentirebeampipe,
is shown versustime on figure 1, for variousbeamcon-
ditions. The maximumof the secondaryemissionyield
( �! #"%$'&�( ) hereis assumedto be ratherlow. This choice
is basedon thefactthat,undercurrentbeamcondition,the
MI doesnotsuffer from andECproblem.Othersimulation



runshave beenproducedfor higher �� #")$'&�( andshow a
fastergrowth andmuchhigherdensities.However, if the
�! #"%$'&�( is suchthatEC densityremainsmuchlower that
the protoncharge density(averagedover a few bunches),
undercurrentbeamcondition, then,our calculationindi-
catesthat it will remain relatively low when the bunch
chargeincreasesby a factorthree.Thisparadoxicalresults
stemsfrom the fact that �� *" is relatively flat vs electron
incidentenergy above �� #" $'&�( . Undercurrentconditions,
theprotonbunchesalreadygeneratea sufficiently high ac-
celeratingfield to be well above the secondaryemission
yield threshold.

In presenceof an external strong confining magnetic
field , themagneticfield dueto thebeamcurrentbecomes
negligible. Moreover, this strongfield generatedby the
machinedipolesor quadrupolemagnetsis perpendicularto
thebeam.Sincethebunchlengthis long comparedto the
transversedimensionsof the pipe, the problembecomes
de-factotwo-dimensional:thebulk motionof theelectrons
is alwaysperpendicularto theprotonbeamdirection. The
synchrotronmotion is a small (micronssize)perturbation
on the trajectory. In addition, for the consideredbunch
lengthandchargeperbunch,theE-fieldsaresuchthat the
maximumvelocityof theacceleratedelectronsdoesnotex-
ceeds+,��- of c. Thus,in concordancewith POSINST, a
setof VORPAL scriptshavebeenwrittento reducethe3D,
self-consistentandrelativistic PICsimulationto a2D elec-
trostaticPICsimulation,performedin thetimedomain.For
the dipolecase,this simplified (andmuchfaster)problem
wasfound to give consistentanswerswith the 3D caseto
betterthan +.��	�- percentrelativeaccuracy in EC density.
This accuracy is adequatefor the estimateof the EC den-
sities in the MI arcs. However, this simplification is not
expectedto be valid for straightsectionswherethe stray
magenticfieldsareweak.

Evidently, the �� *" $'&�( is the most importantparame-
ter in theproblem.However, otheruncertaintiesareworth
reporting.Thefirst systematicuncertaintyto bediscussed
hereis afairly commononeto all PICproblems:onehasto
show that thegrid resolutionis adequatefor the targetac-
curacy. This is particularlyjustifiedin ourcasebecausethe
peakdensityoccurscloseto wall andthedensitychanges
by morethana factortwo overoncecell, which is /0	�/21 m,
in verticalsizefor the64x64grid. Thetimestepwas2.511
ps. A run with a 128X128grid, time stepof 1.25ps,was
alsoperformed.Theresultingelectricfield mapwerecom-
pared.Relative differencesin theintegratedelectricalfield
rangesfrom 3% to a maximumof 15%, for verticalor ra-
dial pathsin thebeamregion.

The differencebetweenthe Trilinos (with the “Dey-
Mittra” cut cell method[10] at the wall pipe boundary)
E.M. Poissonsolver usedin the VORPAL wasalsocom-
paredto the solver usedin POSINST. The biggestdiffer-
ence(8%, relative) was found the near the wall, as ex-
pected.Note that theaccuracy couldbe improvedby run-
ning biggergrids,2D only, on a super-computer.

However, we have yet another, biggeruncertainty:The

Figure 1: The EC densityvs time, at the beginning of a
bunchtrain, for about10 to 25 MI bunchspacingandfor
variousbeamconditions. �%3 and �54 correspondsto the
averagebeamradiusandbunchlength,respectively. Dis-
placementsalongtheverticalaxishave little impacton the
EC density. Regardingthe �� *"%$'&�( , this data refers to
the caseswherethis parameteris low andnearlycritical:
TheECis nearlyevanescentandthegrowth timeis anoma-
lously long. For a moderatevalue of �� *" of 1.36, the
worst casescenariocorrespondsto the currentoperating
conditionsandnot thoseexpectedin theProject-Xera.

saturatedcloud densityandits associatedelectricfield do
dependontheassumedspatialdistributionof theseedelec-
trons.Suchseedelectronstrappedin thebeampipecanbe
producedby either ionizationof the residualgas,or pro-
ducedat the wall by beamlosses. While the densityfor
suchelectronsis typically at least2 or 3 ordersof magni-
tudesmallerthantheEC densityreachedat saturation,the
spatialdistribution of theseseedelectronsdoesinfluence
thefinal ECdensityatsaturation,asshown onfigure2. Al-
thougha bit paradoxical,this phenomenahasbeenrepro-
ducibly seenrunning the VORPAL andPOSINSTcodes.
A putative explanationcouldbe basedon theexistenceof
long time scalein the diffusion propertiesof the cloud.
More specifically, for a dipole field of 0.234T, an elec-
tron temperatureof the +760	 eV, a spatialscaleof 1 cm,
the Bohm diffusion time scale(transverseto the beam)is
+
�81 sec. So,oncetheEC develops,it’s patternis nearly
frozentransverseto thebeam,suggestingadependency on
the initial conditionsof thecloud. Variousdistributionsof
theseedelectronshavebeenconsidered:(i) solelydictated
by the protonbeamspot (labeled“beamfocused”on fig-
ure2); (ii) Conversely, electronsfloatingvery closeto the
top and bottom beampipe walls, above the beamregion
(2 mm away and about2 mm thick) (iii) as donein the
previous VORPAL simulation [4], a diffusedseedcloud
centeredon thebeam,occupying almosttheentirepipe(3
timesthesigmaof the transversedimensionof thebeam).
Note that the densityof the seedcloud matterslessthan
the geometryof the seedcloud (the case“beamfocused,
HD correspondsto adensityoneorderof magnitudehigher
thantheseeddensityfor thesimulationranpreviously).



Figure 2: The vertical electric field createdby both the
protonbunchandthe e-Cloudat at t=524.085,for differ-
ent initial conditionsof the seedelectrons.Top: at X=0.
(symmetryaxis) Middle: at X = 1.0 cm (�9� �:� away from
thebeam).Thegrey thick line indicatethe locationof the
beampipewallsandthedottedline thecell boudarythatis
closestto thewall.

OUTCOME:SUGGESTIONS FOR THE
EXPERIMENTAL PROGRAM

As detailed in reference[5],two distinct experiments
aimedat characterizingthe EC at the FermilabMI have
simulatedwith VORPAL: thetransmissionanddetectionof
a 1.5 GHz microwave andtheresponseof RetardingField
Analyzer.

Despitethesystematicuncertaintiesonthefinal ECden-
sity, this simulation effort is worthwhile, as it provides
guidancein establisha robustexperimentalprogram. For
instance,the valueof the straymagneticfield at the RFA
positionmustbe determined,as it influencesthe yield of
electroncollectedin a relatively small region of the pipe.
Note that this problem is no longer 2D, as symmetries
along the beampipe are lost due to the complicatedpat-
terns of the weak stray magneticfields. Finally, since
the �� *" $'&�( dependson thebeaminducedscrubbing,this
mostcrucialparametermustbedeterminedin-situ andin-
sidea magneticfield commensuratewith the oneusedin
the dipole or quadrupole. A dedicateset of two small
dipolesequippedwith instrumentations,retractablesample
holderandanelectrongun(to measurethis �� #" ) should
be installedin oneof the availablestraightsectionof the
MI. In addition,anoptical (U.V.) detectionof the interac-

tion of thecloudwith thebeampipesurfaces(i.e.,plasmon
decays)shouldbefeasibleandcouldbeinvestigated.
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